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ABSTRACT 
 
High Mountain Asia (HMA), often referred to as the “third 
pole” of the world because its high elevation glaciers, 
contains the largest amount of fresh water outside the polar 
ice sheets. The region’s hydrology is strongly controlled by 
variations in the timing and distribution of runoff from snow 
and glacier melt. Recent improvements in remote sensing 
technologies and atmospheric / land surface models 
provides new approaches for assessing the HMA 
cryosphere. A recently-funded NASA program aims to 
apply these tools to advance understanding of HMA 
cryospheric processes. Here we present an overview of 
planned team activities during the three-year project. 
 
Index Terms— High Mountain Asia, Glaciers, 
Cryosphere, Remote Sensing 
 
1. INTRODUCTION 
High Mountain Asia (HMA), extending from the Hindu 
Kush and Tien Shan in the west to the eastern Himalaya, is 
one of the world’s largest reservoirs of perennial glaciers, 
snow, and permafrost outside of the Earth’s polar ice sheets 
(Figure 1) [1]. Water derived from melting of these snow 
and ice masses contributes to fulfilling the water needs of 
over one billion people in the region [2]. Changes in the 
region’s climate and runoff regime have altered this water 
supply, while also transforming regional ecology, land 
utilization practices, and the hazards associated with 
landslides and glacial-lake-outburst floods [3]. Future 
changes in glacier runoff due to climate change will 
influence food and water security in the HMA [4], 
emphasizing the need for improved quantification of 
hydrological changes for policy decisions and resource 
management. 
	
 There is considerable variability in the partitioning of 
runoff contributions between snowmelt, glacier melt, and 
rainfall in the HMA region. For example, the high alpine 
regions of the western Himalaya see greater impacts of 
glacier variations on streamflow than in the eastern HMA 
where monsoon rains dominate the hydrograph [5]. High 
erosion rates across the HMA contribute to considerable 
debris cover on glacier surfaces, which complicates the 
glacier modeling. Black carbon (BC) and dust deposition on 
glacier and snowpack surfaces is occurring in greater 
quantities across the HMA and have significant impacts on 
the surface energy budget with unknown contribution 
relative to greenhouse gas warming.  
A new program recently funded under NASA Earth 
Sciences aims to use remote sensing datasets to study these 
cryospheric processes over the HMA region. This will be 
accomplished through the integration of modeling, remote 
sensing, and in situ observations. Key scientific objectives 
include the partitioning of the HMA water balance (rainfall, 
snowmelt, glacier melt and groundwater), estimating spatial 
and temporal variability in past and projected future 
cryospheric changes, and assessing the downstream impacts 
of hydrological changes on ecosystems and infrastructure. 
 
 
Figure 1 High Mountain Asia (HMA) study region (black 
rectangle) and glacier cover (blue polygons [6]). 
2. REMOTE SENSING MEASUREMENTS 
Data from multiple sensors will be used to assess past and 
ongoing changes in surface elevation, land surface 
conditions and mass of the HMA cryosphere.  
 
https://ntrs.nasa.gov/search.jsp?R=20180003555 2019-08-31T15:53:19+00:00Z
2.1. Height 
2.1.1. Historical Imagery and HRSI 
A large subset of glaciers distributed across HMA will be 
analyzed for volume change by differencing DEMs that will 
be derived from declassified historical imagery and HRSI 
starting from the 1970’s with the historical imagery and 
covering a time period between 2002 and 2016 for HRSI 
(Figure 2). Hexagon imagery from the 1970's has currently 
been processed for 500 glaciers in the Himalayan region and 
750 glaciers in the Karakoram and Hindu Kush regions. In 
combination with the ASTER and HRSI scenes, this will 
provide more than forty years of geodetic mass balance 
changes in HMA [7]. NASA’s access to commercial HRSI 
data (e.g., DigitalGlobe’s Worldview satellites), cluster 
computing, and automated stereogrammetric routines 
available from the Ames Stereo Pipeline (ASP) software 
will provide surface elevations at sub-meter resolution [8], 
[9]. These data have been used to estimate (~0.5m/pixel) 
elevations for a variety of surfaces, including those with 
snow and ice cover, with vertical and horizontal accuracies 
< 3.5 m [9]. Even though the historical imagery does not 
come with satellite ephemeris, a new automated DEM 
extraction routine can generate DEMs with ~5m accuracy 
[10].  
 
 
Figure 2 Completed processing of DigitalGlobe DEMs as of 7-
Jan-2017 (colored grids). Blue polygons represent HMA glaciers 
[6]. 
2.1.2. Satellite Interferometry 
Satellite radar interferometry has been used for DEM 
generation for over three decades now providing high 
resolution (~10-20m) DEMs independent of atmospheric 
conditions and sunlight. Due to their short temporal 
decorrelation period, DEM generation over snow and ice 
covered surfaces require short repeat intervals [11]. Recent 
bistatic (TanDEM-X) and short repeat pass SAR 
constellations (Sentinel-1, Cosmo Skymed) allow high 
accuracy DEMs to be generated over glaciers. In addition to 
regular interferometry with TanDEM-X data, the project 
will also use its derived product, the WorldDEM, where it is 
available. 
 
 
2.1.2. LIDAR Altimetry 
Data from NASA’s Ice, Cloud and Elevation Satellite 
(ICESat) have been the primary source of information about 
region-wide changes in the mass balance of HMA glaciers 
[12]. These data will be used by HiMAT to validate glacier 
mass balance models and to provide topographic control 
over non-glacier surfaces for the HRSI and SAR analysis 
[7]. Data from future NASA satellite lidar missions 
including ICESat-2 and the Global Ecosystem Dynamics 
Investigation (GEDI) Lidar will provide elevation data at 
higher resolution than ICESat and will be valuable tools for 
assessing recent glacier changes. 
  
2.2. Coverage  
2.2.1. Fractional snow and ice cover and grain size 
Data from the NASA Moderate Resolution 
Spectroradiometer (MODIS- 500 m), NPP Visible Infrared 
Imaging Radiometer Suite (VIIRS – 750 m), and the 
Landsat 8 Operational Land Imager (OLI – 30 m) will be 
leveraged to produce daily to 16-day fractional snow- and 
ice-covered area with the Snow Covered Area and Grain 
size (e.g. MODSCAG) algorithm [13]. Each of these uses 
the same spectral mixture analysis of the visible through 
shortwave infrared wavelength spectra with grain size-
resolved radiative transfer modeling to quantitatively 
determine fractional cover [14] and the associated snow 
grain size, from which we can map to snow albedo.  In turn, 
the time series of the daily products from MODIS and 
VIIRS are used in the MODICE/VIIRSICE processing to 
generate annually resolved minimum exposed snow and ice 
[15].  These products will be used to validate modeling of 
the cryosphere. 
2.2.2.  Radiative Forcing by Impurities in Snow 
Dust and BC deposition to snow and ice in the HMA has 
increased markedly in the Anthropocene from increases in 
land disturbance and industrialization/biomass burning.  The 
multispectral sampling of MODIS, VIIRS, and OLI allow us 
to infer radiative forcing by dust and BC in snow [16].  With 
these products, we can either validate aerosol transport and 
radiative transfer modeling of radiative properties of the 
cryosphere or provide modeling constraint to which 
transport and RT modeling must be forced.  These products 
are generated and used to allow us to understand the 
controls on melting of snow and ice in HMA.    
2.2.3. Debris Cover Mapping 
Many HMA glaciers are heavily debris-covered typically 
reducing thinning rates compared to bare ice areas, although 
some studies have shown similar thinning rates over debris-
covered and debris-free areas [17]. Debris cover maps can 
be used to derive melt relations of glaciers expressing debris 
cover percentage as a function of cumulative area [18]. 
Debris cover can be mapped using optical data. Clean 
glacier surface is very reflective from visible to near-
infrared (NIR) wavelength (0.4-1.4 µm), and has a low 
reflectivity in the short wave infrared (SWIR) region (1.4-
2.5 µm). Several band-ratios have been developed to take 
advantage of this characteristic [18]–[20]. Available DEMs, 
glacier outlines and data from ASTER and Landsat will be 
used to map debris cover over the HMA region.  
 
2.3. Mass  
2.3.1. Snow Water Equivalent 
Measurements of snow water equivalent (SWE) are needed 
to calibrate runoff models, but SWE is very difficult to 
measure using remote sensing products alone. Passive 
microwave datasets will be used as a starting point to 
estimate SWE based on the brightness temperature of snow 
surfaces using forward modeling approaches [21].  These 
data are available at relatively coarse resolution, and have 
limitations over deep snowpacks, when the snowpack is wet 
or has internal ice layering. To address these challenges, 
both fSCA observations (Section 2.2.1) and passive 
microwave SWE estimates, will be assimilated into a high 
resolution reanalysis framework in order to improve initial 
estimates of SWE derived from a land surface model. 
Passive microwave observations will also be used assess 
freeze/thaw transitions [22] which will inform assessments 
of soil melting and freezing processes. 
 
2.3.2. GRACE 
Data from the NASA/DLR Gravity Recovery and Climate 
Experiment (GRACE) provide direct measurements of time 
variable mass changes at monthly temporal and 
approximately 300 km spatial resolution. For cryospheric 
studies, GRACE data can be used as a direct measure of 
snow and ice mass balance, providing a distinct advantage 
over altimetric methods which require assumptions about 
the density of the changing ice volume. A challenge of using 
GRACE to study the cryosphere is that the satellites observe 
all components of the Earth’s hydrographic and geophysical 
signals, requiring careful partitioning of the various signals. 
This is a particular challenge in the HMA region due to the 
blending of mass change signals from numerous 
hydrological (precipitation, cryosphere), geophysical 
(glacial isostatic adjustment and fault tectonics) and human 
(land use change and irrigation) signals [23]–[25].  
HiMAT will use GRACE data extensively in validating 
remote sensing and model assessments of the HMA water 
balance. Various approaches will be tested, including a 
comparison of the GRACE least-squares mascon product 
[24] with ensemble estimates of glacier mass balance and 
other hydrological changes. A second approach will involve 
forward modeling of water balances estimates as part of the 
Level 1B GRACE data reduction [26]. This will provide a 
mechanism for iteratively assessing the quality of various 
models and remote sensing assessments generated by 
HiMAT, providing important validation for regional-scale 
assessments.  
 
 
 
 
3. IMPACT ASSESSMENTS 
3.1. Cryospheric Hazards  
Due to its high relief and the situation of human settlements 
in alpine regions, the HMA is particularly susceptible to 
hazards associated with cryospheric processes (e.g. [27]). 
These include glacial lake outburst floods, landslides and 
avalanches. HiMAT will use optical satellite imagery 
(Landsat, ASTER and WorldView) to build inventories of 
glacial lake, moraine dam and glacier/snowpack evolution 
and use both satellite optical imaging and in situ 
observations of glacial lakes to constrain analytical models 
of the lakes’ effects on glacier melting. These datasets will 
inform models that provide decision support and hazard 
mapping for communities living in the region. 
Retreat and thinning of glaciers constitute a chief dynamic 
component of the integrated Earth system and is causing a 
changing hazard landscape. In some places we may presume 
that disappearing ice may ease the hazard environment, but 
in many other places hazards increase as glacier lakes form 
and grow and the threat of glacier lake outburst floods 
increases, and as debuttressing of unstable ice and moraine 
masses and fractured bedrock causes an increased hazard 
due to landslides and ice avalanches.  Furthermore, the rapid 
increase in hydroelectric power development, mountain 
tourism, and local populations in many high mountain 
valleys is causing a dramatic increase in the exposure and 
value at risk, hence in the integrated risk.  
 
3.2. Downstream Impacts 
 The livelihoods of communities living downstream from 
the HMA region are impacted by variations in the timing 
and magnitude of streamflow. HiMAT will use a series of 
economic valuation models to predict the impact of various 
climate change scenarios on the potential for hydropower 
generation, and on the health of fisheries and wetlands that 
receive freshwater inputs from glacier and snow melt.  
 
4. CONCLUSIONS 
Remote sensing measurements from a variety of sensors will 
be used to improve our understanding of the world’s largest 
reservoir of perennial glaciers and snow outside of the 
Earth’s polar ice sheets. Satellite remote sensing of HMA 
will not only provide an opportunity to monitor the ongoing 
changes in the region, but will also assist in calibration and 
validation of models which will be used to shed light to the 
future changes. Improved regional forecasts will be used to 
address the vulnerabilities of humans and the environment 
living downstream of the glaciers. 
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